We examine the potential benefits of very high resolution for air-quality forecast simulations using a nested 9 system of the Global Environmental Multiscale -Modelling Air-quality and Chemistry chemical transport model. 10
Introduction 20
Numerical modeling of the atmosphere in an Eulerian framework relies on discretization of the computational 21 domain into a numerical grid. The horizontal grid cell size of atmospheric simulations can range in from hundreds 22 of kilometers, to the metre-scale of Large Eddy Simulation models. For the purposes of this study, Very High 23
Resolution (VHR) modelling refers to chemical transport models (CTMs) employing a horizontal grid cell spacing of 24 1km or less. It is in this regime that the photochemical processes may be forecasted with resolved microphysics 25 (e.g. Milbrandt and Yau, 2005(a,b) ), and detailed particle and gas-phase chemistry, using currently available 26 computer technology. VHR modelling is very computationally expensive, and also introduces its own set of 27 challenges, such as the availability of surface boundary condition fields as the model grid cell size decreases. 28
Moreover, it is not currently clear whether decreases in model grid cell size leads to more accurate results when 29 compared to observations. The motivation behind VHR modelling in CTMs is to reduce the impact of diluting 30 chemical concentrations -especially from averaging emission plumes into large grid cells -in order to better 31 capture inhomogeneities in emission profiles, to better simulate local transport processes associated with terrain 32 that would otherwise be smoothed by the use of a coarse grid, and to reduce truncation errors and hence achieve 33
Atmos. Chem. Phys. Discuss., https://doi.org/10. 5194/acp-2018-967 Manuscript under review for journal Atmos. Chem. Phys. Paris' ozone photochemistry very often resides on the transition between a NO x -sensitive and a VOC-sensitive 81 regime (Sillman et al., 2003) . These are chemical conditions which can alternatively produce or titrate ozone, and 82 hence has a degree of sensitivity to precursor emissions, and therefore, also, to any errors in those emissions. 83
Conversely, in a 3-level nested 9-to 3-to 1-km MM5-CMAQ simulation over Osaka, Japan, Shrestha et al., (2009) 84 found that ozone comparisons to observations improved as the grid resolution increased. This was also the case 85 for a 36-to 12-to 4-km nested MM5-CMAQ simulation over Houston, USA (Ching et al., 2006) , where the ozone 86 forecast improvement associated with higher resolution was attributed to the ability of the finer grid cell size 87 model nests to adequately resolve high concentrations of freshly emitted NOx and hence allow for more local 88 ozone titration. The latter process might not take effect until the grid cell size is sufficiently fine to resolve the NO x 89 source patterns (i.e., a level where traffic and industrial sources can be identified.) This titration was not seen until 90 they decreased their grid cell sizes to 2 km and smaller. Stroud et al. (2011) noted a similar grid cell size 91 dependent chemical impact on model performance, where secondary organic aerosol formation maxima were 92 better simulated with a 2.5km grid cell size model than a 10km grid cell size model. In general, the impact of 93 resolution on model performance appears to depend on a number of factors, such as the terrain, spatial 94 distribution of sources, pollutant of concern, season, etc. (Arunachalam et al., 2006; Queen and Zhang, 2008; Dore 95 et al., 2012) . 96
Whether or not simulated quantities improve with reference to observed quantities as applications approach VHR 97 grid cell sizes, the resulting distribution of the quantities tends to be more physically realistic (Dore et al., 2012 ; 98 The air-quality model used in this work is Environment and Climate Change Canada's (ECCC) Global Environmental 157
Multiscale -Modelling Air-quality and Chemistry (GEM-MACH) model, which has been in use as Canada's 158 operational air-quality forecast model since 2009 (Moran et al., 2010) . GEM-MACH is an on-line model, that is, 159 both meteorological and chemistry processes are handled within a single model. The chemical processes reside 160 within the physics module of the Global Environmental Multiscale meteorological forecast model (Côté, et al., 161 1998(a,b) ), originate with Environment Canada's earlier off-line model (A Unified Regional Air-quality Modelling 162 System; AURAMS, Gong et al., 2006) , and include process representation for particle microphysics (Gong et al., 163 2003(a,b) ), inorganic heterogeneous chemistry (Makar et al., 2003) , aqueous phase chemistry, in-cloud and below-164 cloud scavenging (Gong et al., 2006) , and secondary organic aerosol formation (Stroud et al, 2011) . GEM-MACH 165 employs a sectional approach to represent the size distribution of atmospheric particles, with 12-bin (Makar et al., 166 2015(a,b) ; or 2-bin configurations (Moran et al., 2010) . The latter configuration is designed for 167 maximum computational efficiency, with re-binning to the 12-bin distribution for key particle microphysics 168 processes, in order to improve accuracy. Here, the 2-bin version of the model has been used, the main focus of the 169 work being the impact of horizontal grid cell size on model results. Eight aerosol chemical components are resolved 170 in GEM-MACH (sulphate, nitrate, ammonium, elemental carbon, primary organic aerosol, secondary organic 171 aerosol, sea-salt and crustal material). In the present study, we make use of GEM-MACH v.1.5.1, described in more 172 detail in 
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Four levels of nesting have been employed in our simulations, shown in Figure 2 (a). This version of GEM-MACH 178 operates on a rotated latitude-longitude coordinate system wherein the position of the coordinate system poles 179 may be set by the user, allowing rotations of the grid with decreasing grid cell size during nesting. The outermost 180 nested grid corresponds to the westernmost 2 3 ⁄ of the operational GEM-MACH forecasting domain, with a 10km 181 grid cell size. Within that is nested a 10km grid cell size western Canada domain (yellow region, Figure 2 (a)) which 182 has been rotated to match the horizontal orientation of the Rocky Mountains, and which makes use of a similar 183 double-moment microphysics scheme (Milbrandt and Yau, 2005 (a,b) ) as the two innermost domains -this 184 intermediate nested grid was constructed in order to allow hydrometeors to be passed from the western Canada 185 10km domain to the two innermost domains with a minimum of spin-up time required for the inner domain's 186 meteorology. The third nested grid inwards (green region, Figure 2 (a)) is the 2.5km grid cell size domain, which 187 covers most of the Canadian provinces of Alberta and Saskatchewan. This grid will hereafter be referred to as the 188 OS2.5km domain. The fourth and final nested grid (blue square, Figure 2(a) ) is a 1km grid cell size domain, roughly 189 centered over and covering the immediate environs of the Athabasca Oil Sands, and is referred to hereafter as the 190 Significant wind shears and frequent inversions are observed in the region, and part of our interest in 1km grid cell 197 size simulations is to determine the extent to which these local features may influence model prediction accuracy. 198
Simulation Cycling Strategy 199
The forecasts run in a repeating cycle from new meteorological analyses on every 36 hours, and hence are 200 constrained by observations to present chaotic drift of the forecast over an extended simulation. The outermost 201 10km domain carries out a 36 hour forecast, of which the first 6 hours is discarded as spin-up; the final 30 hours is 202 used as initial and boundary conditions for the rotated 10 km grid cell size domain (the OS10km domain). As 203 noted above, the OS10km domain makes use of a microphysics package matching that of the subsequent higher 204 resolution simulations for better matching of cloud fields at those resolutions. An OS10km simulation of 30 hours 205 is then carried out, with the first 6 hours being discarded as spin-up, and the latter 24 hours forming the initial and 206 boundary conditions for the 2.5 km grid cell size OS2.5km simulation. The OS2.5km simulation is of 24 hours 207 duration. The OS1km simulation covers the same 24 hours (and hence both 2.5km and 1km simulations start from 208 the same OS10km initial conditions at for every 24 hour forecast), with the 2.5km simulation providing boundary 209 conditions thereafter to the OS1km model. Continuity between 24 hour forecasts is thus maintained at the level of 210 the outermost nest. The outermost domain is cycled every 12 hours starting at 0UT and 12UT; however, we have 211 selected the set of contiguous OS2.5km and OS1km 24 hour simulations starting from the 12UT continental 212 domain for our comparison. 213
Meteorological boundary conditions for lowest resolution GEM-MACH simulations are taken from operational 214 GEM forecasts, in turn driven by data assimilation analyses performed at the Canadian Meteorological Centre. 215
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Area sources that are large compared to both model grid cell sizes (2.5km and 1km) can be expected to be 248 approximated by model grid cells of both resolutions, and are thus expected to be less impacted by model 249 resolution than emissions from point sources. However, smaller area sources (i.e. areas intermediate between 250
2.5km and 1km to the side) may be better resolved, and hence have less dilution and higher downwind 251 concentrations, when higher spatial resolution is employed. 252
In the AOSR, approximately 95% of the SO 2 emissions originate in major-point sources, while NO 2 is 253 approportioned ~40% to major-point sources and ~60% to area sources . Consequently our a 254 priori expectation is that the impact of the resolution change will be strongest for species like SO 2 , less strong for 255 species like NO 2 that are emitted in part by point sources, but may also be apparent for other species and 256 secondary products, such as O 3 . 257
Model Evaluation Methodology and Metrics 258
Comparisons between air-quality models and observations usually take the approach of comparing observation 259 and model-generated values paired in time and space, from the observation location and corresponding model 260 grid-cell respectively. We refer to this approach hereafter as our "standard" evaluation, for both 2.5km and 1km 261 simulations. However, we note additional factors aside from grid-cell size may influence the outcome of air-262
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In this particular instance, the magnitude of the smaller grid cell size simulated plume is more realistic than that of 292 the coarse grid cell size plume, but this improvement will not be captured in a standard evaluation analysis. Shifts 293 in plume location across individual grid cells away from the location of an in-situ observation are more likely grid 294 cell size decreases. In this example, a standard analysis would impose a more stringent expectation on the smaller 295 grid cell size simulation to correctly identify plume locations. 296
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In order to attempt to evaluate the potential for higher resolution simulations to provide potential benefits that 303 are masked by synoptic scale forcing errors, in addition to the standard analysis, we perform additional analyses 304 that examine the model's ability to resolve plumes in the vicinity of the observation station. This is illustrated in 305 region that corresponds to the single 2.5 km grid cell in which the observation station is located in Figure 4 (a). We 323 attempt to ascertain model performance in these approximately equivalent regions around each observation 324 station, in the analysis that follows. 325
Our approach follows two steps: 326
(1) From the 2.5km simulation, in addition to the predicted model value at the grid-cell containing the 327 observation location, we determine the model grid-cell value in the nine grid-cells surrounding the 328 observation station location which has the closest value to that observed at the station. This represents the 329 model's "best estimate" of the value at the observation station location itself, to the model's ability to resolve 330 features at 2.5km grid cell size. 331
(2) From the 1km simulation, in addition to the model value at the grid-cell location, we select the closest value to 332 the observation value from: (a) the nearest nine grid-cells to the observation station location, and (b) the 333 nearest 49 grid-cells to the observation station location. The former represents the model's "best estimate" 334 of the value at the observation station location itself, while the latter represents the 1km model's best 335 estimate in the closest equivalent region to the limiting resolution of the 2.5km model. 336
Comparing the resulting statistical measures of each of these selected values with observations, in addition to the 337 standard analysis, thus evaluates the model's best attempt to resolve features for the specified grid cell size, and 338 allows cross-comparison of model performance within nearly equivalent areas. Cross-comparing the statistical 339 values for the different regions described above shows the model's ability to resolve features such as plumes from 340 the standpoint of the region represented at the different grid cell sizes. If synoptic-scale transport direction errors 341 creates situations similar to that depicted in Figure 3 (a), a standard comparison of error would be expected to 342
show little benefit to higher resolution. However, the "best model estimate" comparisons would capture the 343 ability of the higher resolution model to more accurately simulate the magnitude of the plume, if not its spatial 344 location. Each of these selection procedures will be employed in the surface concentration comparisons which 345 follow. 346
We evaluate our model simulations against observations made at surface monitoring networks in the vicinity of 347 the Athabasca oil sands, and aboard an instrumented aircraft, the National Research Council of Canada Convair. 348
For the surface monitoring data, hourly time series of model output were matched to station time series using the 349 different strategies described above. For the aircraft observations, we extract model values through temporal and 350 spatial interpolation to the aircraft's position during the flights and only perform the standard analysis, as well as 351 examining the behaviour of the two simulations along cross-sections corresponding to the flight paths. 352
Our statistical metrics for evaluation are common to many other air-quality applications, and were computed 353 using the 'modstat' function from the OpenAir R package (Carslaw and Ropkins, 2012 We begin a comparison of 2.5km and 1km grid cell size for specific events, and for averages across the 1km 364 domain, in order to provide a qualitative comparison of the differences in simulations for the two simulations, and 365 then continue with the quantitative comparison. 
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The model results are identical at hour 0 due to both the OS2.5km and OS1km models being initialized from the 373 OS10km data at this time (small differences in Figure5(a,b) are due to slight mis-matches in the cross-section 374 locations). Subsequent cross-sections show the OS1km model is capable of resolving both higher absolute mixing 375 ratio values, and sharper gradients, within 12 hours of simulation time ( Figure 5 (c,d) ). Multiple plumes are 376 resolved by 12 hours of simulation time in the 1km grid cell size simulation, along with markedly different plume 377 heights, plume structure, and a factor of two increase in the magnitude of plume mixing ratios relative to the 378 lower grid cell size simulation, and these differences persist into the 24 th simulation hour ( Figure 5(e,f) ). Mixing 379 ratio differences of these magnitudes are to be expected given the increase in resolution, but Figure 5 shows that 380 other important aspects of the predicted plumes have changed. The plume heights are a function of predicted 381 local stability conditions in the grid-square containing the source, and the variation shown here represents a 382 substantial change in the predicted local stability for the origin sources of these plumes, resulting from the change 383 that OS1km model has a demonstrated ability to achieve higher concentrations than the OS2.5km model, with a 397 slope of 1.22, and a noticeable clustering of values along the 1:2 line. While these results are not unexpected 398 since approximately 95% of the SO 2 emissions in the domain originate in large stack, or point, sources, and hence 399 initial concentrations at source would be expected to 6.25x higher in the OS1km simulation, they also suggest that 400 a substantial improvement in the OS1km model's ability to capture SO 2 concentrations should be possible. That is, 401
Atmos the nearest forty-nine 1km cells). Here we make the assumption that the 2.5km grid cell size model's ability 426 to resolve features is limited to the surrounding three grid cells in each horizontal dimension, and make use of 427 the closest-in-size block of corresponding 1km cells (a 7 × 7 grid centered on the cell containing the 428 observation point.) In both cases, the model value closest to the observations is chosen prior to evaluation. 429
While evaluations (2b) and (3) deliberately select the "best" value, they also provide a quantitative estimate of 430 the extent to which each model is capable of achieving the correct answer within roughly equal representative 431 areas centered on the observation station locations. These comparisons are intended to evaluate (a) the 432 extent to which the 1km grid cell size is capable of improving simulation results despite, e.g., the larger scale 433 flow resulting in errors in the plume placement, and (b) whether the 1km grid cell size model is capable of 434 outperforming the 2.5km grid cell size model over equivalent regions. In the last test, we place both models on 435 an equal footing with regards to the region being represented, as well with regards to allowing cell-to-cell 436 variability and the selection of a closest match to observations. 437
Our evaluation is presented as tables of statistical metrics. The comparisons employing the nearest neighbour 438 approach are described with a "B#" superscript suffix, denoting that the "Best" sample within a square centred 439 on the observation point containing a total of # grid cells (e.g. the OS1km
B9 label denotes a comparison 440 between observed data and the simulation grid cell within a 3 × 3 grid-cell square centered about the 441 observation point). Similarly, an A# superscript describes a comparison between the observations and the 442
Average of the # square of grid cells centered on the observation point. 443
Comparisons to surface concentrations were performed using publicly available data collected by the Wood 444 Buffalo Environmental Association (WBEA), which operates the air-quality monitoring network residing within 445 the OS1km domain. The monitoring station locations are shown in Figure 7 . The statistical performance of the 446 models, calculated using the procedure outlined above, are given in Tables 2 through 5, for SO regions as the OS2.5km grid cell size. The latter result holds for all metrics for NO x (including R, see Table 3 ). For 467 ozone (Table 4) , averaging the nine nearest OS1km grid cells prior to measurement gives the best performance for 468 R and RMSE, and worse performance for the other metrics. For PM 2.5 (Table 5) along with a reduction in mean bias by a factor of three, a reduction of NO x mean bias values by a factor of 3, a shift 479 of coefficient of error from negative to positive values for O 3 , and a reduction in the coefficient of error for PM 2.5 by 480 a factor of 2.5 compared to the nearest competing value from the previous evaluations. The coefficient of 481 efficiency for SO 2 and O 3 make the transition from negative to positive values when the "best-of-nine" methodology 482 is used, indicating that the model is able to better predict the observations than the observed mean, somewhere 483 within an equivalent area. This evaluation suggests that the OS1km model does contain a better result within the 484 same approximate region encompassed by a 2.5km grid cell. However, the location of that better result may be 485 subject to positioning error, such as described in Figure 3 . 486 A valid argument could be made that the methodology employed in this fourth evaluation is subject to selection 487 bias, in that the selection of a best value in the case of the nearest nine 1km simulation places that model 488 simulation at an advantage relative to the 2.5km model. To address this last issue, the final two additional 489 methodologies for evaluation were employed, still maintaining the same approximate area of representativeness 490 for a grid cell, namely choosing the best value out of the nearest nine 2.5km grid cells (the limiting resolution of this 491 model simulation), and the best value out of the nearest forty-nine 1km grid cells (fifth and sixth columns of Tables 492 2 through 5, respectively). That is, we attempt to place the two models on an equal basis with regards to selection 493 bias within a given region containing an observation station. 494
Two important results can be seen from this final evaluation. First, as was the case for the "Best of 9" for the 495
OS1km simulation compared to the standard OS1km evaluation, the "Best of 9" for the OS2.5km simulation has a 496 considerably better performance than the standard OS2.5km evaluation (compare fifth and first columns, Tables 2 497 through 5). That is, the OS2.5km model may also be subject to location errors in transported species representation 498 which influence model performance. However, when performance within the 56.25 km 2 area surrounding each 499 measurement point in the OS2.5km "Best of 9" evaluation is compared to the 49 km 2 area surrounding the 500 measurement points in the OS1km "Best of 49" simulation (i.e. compare columns five and six in Tables 2 through 5),  501 it can be seen that the OS1km model outperforms the OS2.5km model for all metrics for O 3 , and PM 2.5 , and all 502 metrics aside from bias for SO 2 and NO x . That is, despite the OS1km model having a slight disadvantage in the 503 relative size of the representative area containing the measurement station location, and both models being 504 allowed a similar selection strategy, the OS1km model is capable of generating values closer to the observations 505 than the OS2.5km model within an equivalent sub-region, across most of the metrics and chemical species 506 considered here. 507
This final result is strongly suggestive of the presence of issues such as illustrated in Figure 3 . These may include 508 errors in the larger scale synoptic wind flow, combined with the reduced size of plumes as grid cell size is reduced, 509 leading to more "misses" than "hits" for a given recorded event at a measurement station compared to the coarse 510 grid cell size model. There may be multiple additional causes for such errors (examples include poor observation 511 density in the region for model initialization, underlying lower resolution boundary condition fields such as 512 topography not improving with the reduction in grid cell size, inaccuracies in land use fields used in meteorological 513 modelling due to rapid development, and errors in other aspects of the reaction transport modelling system aside 514 from horizontal resolution). The expected advantages of the small grid cell size, such as better representation of 515 the concentrations of species within plumes and hence better representation of their reactive chemistry (c.f. 516 Lonsdale et al., 2012) , may be lost in a standard performance analysis due to these other issues. 517
Our analysis suggests that a practical limit in the benefits of increasing model accuracy may be reached when 518 resolution exceeds some threshold, as a result of other errors inherent in the modelling system. However, the 519 analysis also suggests that if these non-resolution-related errors are corrected, the benefits of adopting a smaller 520 grid cell size may be substantial. For example, meteorological data assimilation employing a dense monitoring 521
Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-967 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 19 October 2018 c Author(s) 2018. CC BY 4.0 License. network for a specific area of interest would be expected to show a greater impact for smaller than larger grid cell 522 sizes, due to the greater ability of the former to take advantage of the observation density in correcting the initial 523 meteorological state. We note that recent work applying land use data assimilation (Carrera et al., 2015) to 524 regional 2.5km grid cell size weather simulations (Milbrandt et al., 2016) have suggested that such data assimilation 525 may indeed improve forecast skill at the very local scale. 526 The surface observation data were also analyzed by time-of-day, with both observations and simulations split into 536 daytime (hours 9:00 to 18:00 local time) and nighttime (hour 19:00 to 8:00 local time) data pairs (Appendix, Tables 537 A1 through A8). Within each of these diurnally segregated time periods, the broad aspects of the comparison were 538 the same as for the "all data" Tables 2 to 5 above: the OS1km simulations tendied to have reduced performance in 539 a standard analysis, averaging improved but not completely ameliorated the performance of the OS1km simulation, 540 a methodology employing the best of nine OS1km grid cells had superior performance to the two standard 541 comparisons, and comparison of the "best of" methodologies for equal areas showed better performance for the 542 OS1km compared to the OS2.5km simulation. We also noted substantial differences in the day and night 543 performance of both models across the methodologies. For example, daytime SO 2 and NO x performance within a 544 given model and comparison methodology was usually better than nighttime performance for IOA,R, NGME, COE 545 and NMB, while worse for RMSE, while nighttime O 3 performance was better for IOA, r, NGME, and COE. Daytime 546 PM 2.5 performance was better than nighttime for IOA, r, COE, and NMB. 547
Comparisons to Aircraft Observations 548
Twenty-two aircraft observation flights were carried out during the study simulation period -we present 549 statistical comparisons using the standard approach only, here (model grid cell containing the observation point to 550 observation data at the aircraft location). Model values were linearly interpolated in time and space to the 551 aircraft observation locations and times (aircraft observations were on a 10s interval.) We begin with a composite 552 comparison across all observation times, in Table 6 . 553 
555
The results are in general similar to the surface analysis, in that the OS1km simulation tended to have worse 556 performance than the OS2.5km simulation (exceptions being the biases for both SO 2 and NO 2 , and the slightly 557 better OS1km correlation coefficient for SO 2 ). One striking difference between the first two columns of Tables 2  558   and 3 and Table 14 are the magnitude of the differences between the simulations. Aloft (Table 6 ), the differences 559 in performance metric magnitudes between OS2.5km and OS1km simulations are much smaller than at the 560 surface (Tables 3 and 4 ). The biases are negative aloft, while positive at the surface, indicating that both models 561 may be lofting plumes to insufficient distances; one of the possible (non-horizontal grid cell size dependent) 562 causes of model error may be in the extent of vertical transport (this possibility is examined in more detail in 563 Akingunola et al., 2018, and Gordon et al., 2018) . An example of this behaviour is shown in Figure 8 ; both plumes 564 fumigate to the surface, while the observed plume resides largely aloft. The OS1km model captures the higher 565 concentrations to a better degree, but the impact of excessive fumigation more than offsets this improvement, as 566 is shown by the performance evaluation of Table 7 , where both models have negative biases aloft. In this 567 particular case, the tendency of the model to overestimate the extent of fumigation has a bigger impact on 568 performance than grid cell size. performance evaluation of Table 8 and depicted in Figure 9 , for Flight 17 (a similar flight plan carried out around 582 the same facility as Flight 8). While the correlation coefficient degraded slightly in the OS1km resolution 583 simulation, all other performance measures were improved with the decrease in grid cell size. Two time versus 584 height profile cross-sections for Flight 17 are shown in Figure 9 . In the upper two panels, the OS2.5km ( Figure  585 9(a)) and OS1km (Figure 9(b) ) simulations are compared for the portion of the overall flight track circling the given 586
facility. This comparison clearly shows that the OS1km model does a better job of capturing the width of the high 587 concentration region of the plume -however, the location of the model plume lags the observations. During this 588 portion of the flight alone, the OS2.5km model statistics, particularly the correlation coefficient, outperform the 589 OS1km model, due to this issue of plume location mismatching. Figures 9(a,b) may be compared to Figure 3(a,b) -590 the same situation is depicted in both Figures. Figure 9(c,d) show the OS2.5km simulation (10(c)) and OS1km 591 simulation results in another portion of the flight -here the OS1km performance for most statistics was better 592 than the OS2.5km model performance. The OS1km model (Figure 9(d) ) captures the existence of a lower 593 concentration layer aloft in the right-hand side of the cross-section, and the existence of low concentration 594 intervening layers, as well as the overall lower concentrations of SO 2 , while the OS2.5km model does not resolve 595 these fine scale and lower concentration features. We note here that IoA, CoE and the other error measures 596 capture the visual impression that the OS1km model outperforms the OS2.5km model for this flight, while the 597 correlation coefficient is highly dependent on the placement of the plume maximum in the upper two panels. 598
These and the snap-shot comparisons described in Section 3.1 show that the higher resolution model is having a 599 significant impact on predictions -however, other aspects of the overall model performance are preventing the 600 potential benefits of higher resolution from influencing the standard performance evaluation. Despite this difficulty, our results also show that the use of smaller grid cell sizes have some potential benefits, in 620 that these models do a better job of resolving specific air pollution features, like high concentration maxima 621 within plumes. Both coarse and fine grid cell size plumes may be misplaced in both time and space, with the net 622 result that the latter model has a worse performance in a standard comparison, but is nevertheless more likely to 623 capture the correct in-plume concentrations, and hence the chemistry, of the actual plume, in the neighbourhood 624 of the observation location. When the evaluation is broadened to find the closest fit to observations in the vicinity 625 of the observation station, with models confined to a similar representative area around the observation station, 626 these potential benefits of the smaller grid cell size become apparent. 627
These findings suggest that at the current state of development, VHR air-quality models are of benefit for the 628 specific purpose of chemical process studies, in which the main aim of the work is to accurately simulate plume 629 chemistry -and in which accurate forecasting of the position of the plume in time and space is a secondary 630 concern. Our work also suggests that efforts to improve other aspects of the overall modelling framework which 631 improve the large scale flow (for example, the use of data assimilation of local meteorology to improve wind 632 direction predictions) may result in greater benefits as smaller grid cell sizes are employed. 
The limits on the summations were removed for brevity; all are from i = 1 to N where N is the number of observation-model pairs, M i is the i'th model value, O is the i'th observation value, and ̅ , ̅ are the model and observed mean values, respectively. 
